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Abstract

This study aims to realize a high efficiency inverter by combining a DC-DC buck converter and
unfolding circuit. The DC-DC converter generates a full-wave rectified waveform. The unfolding circuit
changes the waveform to an AC sinusoidal waveform. In order to generate a pure AC voltage waveform,
the output of the DC-DC converter should be accurately controlled. In this paper, dead-beat voltage
control (DBVC) for the accurate full-wave rectified waveform generation is proposed. Simulations and
experiments were conducted to validate the proposed method. As a result, it was verified that the
proposed DBVC was effective for the accurate full-wave rectified waveform generation. A voltage
distortion was observed when the voltage reference was close to zero. In order to suppress the distortion,
only the duty after the voltage reference turns to increase is decreased. As the improved results, the
distortion can be reduced by setting the decrease ratio of the duty at 0.6. Finally, the AC output waveform
with low harmonics was achieved by combining the DC-DC converter and the unfolding circuit.

Introduction

Power conversion systems for automotive applications are actively studied all over the world [1]-[4]. In
order to extend one charge traveling distance, power converters with high efficiency, high power
density, and light weight are necessary. In [1], a dual active bridge converter for automotive applications
was developed. In [2], a DC-DC converter based on partial power converter concept with two batteries
was proposed to realize high efficiency power conversion. S. Dusmez et. al. have conducted a
comparison of bidirectional three-level DC-DC converters for the automotive applications [3]. These
power conversion technologies with high efficiency and high power density are useful for not only the
automotive applications but also other applications such as poser conditioners for photovoltaic
generation, power supplies for data centers, and so on.

This study aims to realize a high efficiency DC-AC inverter. Fig. 1 shows the concept of the system,
which consists of a high efficiency DC-DC buck converter and an unfolding circuit [5].
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Fig. 1: Concept of high efficiency DC-AC inverter
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The DC-DC buck converter generates a full-wave rectified waveform with high efficiency. The
waveform is converted to a sinusoidal waveform by the unfolding circuit.

This paper focuses on the full-wave rectified waveform generation by the DC-DC buck converter. The
accuracy of the output voltage waveform is important to generate a clean sinusoidal wave. However, the
full-wave rectified waveform is a discontinuous waveform. In order to generate the precise waveform,
accurate and quick voltage control is required especially at the instant when the voltage increases from
Zero.

Various control methods for the buck DC-DC converters have been proposed [6]-[9]. In this paper, a
dead-beat voltage control (DBVC) is utilized since the output voltage can be directly controlled [10],
[11]. Simulations and experiments are conducted to verify the effectiveness of the DBVC for the
generation of the full-wave rectified waveform.

This paper is organized as follows: Firstly, the modeling of the DC-DC buck converter is explained.
Next, the DBVC law based on the discrete model of the DC-DC buck converter is described. The
simulation results and the experimental results are shown. Finally, the conclusions are described.

Modeling of DC-DC Buck Converter

This section describes a modeling of the DC-DC buck converter. Fig. 2 shows the circuit diagrams of
the high efficiency buck converter.

L
BEES pr L i
E _\"\/ﬂ j: 2V —L'
I JeE S,

C = ; R Vo

(a) N modular circuit
S
=1

L §R vO E (& J E} S,, C -+ >R Vo

(b) Two modular circuit. (c) Simplest one modular circuit

(general buck converter)
Fig. 2: DC-DC buck converter circuit

The number of the series connected DC-DC converters can be extended as shown in Figs. 2(a) and (b).
This chapter focuses on the full-wave rectified waveform generation by the DC-DC converter.
Therefore, the simplest one modular buck converter shown in Fig. 2(c) is dealt with. E, L, C, and R
denote the input DC voltage, filter inductance, filter capacitance, and load resistance, respectively as
shown in Fig. 2(c). S, and S, are the MOSFET switches. vo and i, are the output voltage and inductor
current. The state equation of the DC-DC buck converter is expressed as

x(t)=Ax(t)+Bu(r) (1)
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where ¢ denotes the time. The state variable x(¢) and input u(¢) are defined as
x(t){vé(ﬂ, u(t)=E. 2)

The state matrix 4 and the input matrix B are expressed as

2]
1/L

The discrete model of (1) can be calculated as

-1/CR 1/C
-1/ o0 |

x[k+1]= Fx[k]+GAT[k] 4
where
«[k]= PO ["]}. (5)
7 [k]
AT [k] is the on-state time of the switch S,. The matrices F and G are calculated as
F:eAT=|:FII F12:| G=eAT/23E=|:gI:|. (6)
F, F, &

Here, T denotes the switching period.

Dead-beat Voltage Control (DBVC)

Derivation of DBVC Law
This section describes a DBVC law for the DC-DC buck converters [10], [11]. From the discrete model
in (4), the voltage equation can be rewritten as

Vo [k+1]=E1V0 [k]+E2iL [k]+g1AT[k]' (7

By replacing vo[k+1] with the reference voltage v,.r and solving (7) into AT [k], the DBVC law can be
derived as

AT[k]:gi(Vref_F;lV() [k]_EziL [k]) (®)

1

State Observer

This section describes a state observer. In this paper, a digital signal processor (DSP) controller is used.
The DSP takes one switching period from the sampling of the output voltage and inductor current to the
reference updating. In other words, the calculated AT [k] cannot be applied immediately after the
calculation. Therefore, the AT [k] is input to the switch with one sample delay. In order to compensate
this delay, the state observer is utilized.

The state variable can be estimated as

%[k +1]= F&[k]+GAT [k)+ K (x[k]- %[k]) )
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where K is the observer gain matrix. The symbol with ‘*’ means estimated value. In the DBVC law
described in (8), the estimated values in (9) are used instead of the measured values. The block diagram
of the controller is shown in Fig. 3.

DBVC Law in (8)
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Fig. 3: Block diagram of DBVC controller

Simulations

This section describes simulation results of the DBVC. The simulations were conducted to confirm the
effectiveness of the DBVC by PSIM produced by Powersim Inc. Additionally, the responses of an
asynchronous rectifier converter and a synchronous rectifier converter were compared in this simulation.
This means that the low-side MOSFET S, shown in Fig. 2(c) is operated as the free-wheeling diode in
the former case and switch in the latter case.

The state observer explained in the last subsection was utilized. The observer gain matrix K was decided
by placing the pole of the matrix (F — K) at 0.4 (multiple root).

This paper focuses on the generation of the full-wave rectified waveform. The reference voltage v,.r was
set as

v, =Vlsin (27 ft)| (10)
where v and f'denote the amplitude and frequency of the waveform, respectively.

The parameters used in the simulations are shown in Table 1. Figs. 4 and 5 show the responses of the
asynchronous rectifier converter and the synchronous rectifier converter, respectively.

Table I: Parameters

Input DC voltage E 100 V
Inductor L 585 uH
Capacitor C 80 uF
Load resistor R 10 Q
Switching frequency /T 20 kHz
Amplitude of v, v 50V
Frequency of v, f 50 Hz
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Fig. 4: Simulation results of asynchronous Fig. 5: Simulation results of synchronous
rectifier converter (Top: Voltage, Middle: rectifier converter (Top: Voltage, Middle:
Current, Bottom: Duty) Current, Bottom: Duty)

The top, middle, and bottom figures in each figure show the output voltage response, inductor current,
and duty signal, respectively. From Figs. 4 and 5, it was confirmed that the output voltage of both
converters followed the reference value v... However, there is difference in the voltage response when
Vreris small. Fig. 6 shows the enlarged view of the voltage response of Figs. 4 and 5 when v;.ris small.
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Fig. 6: Enlarged view of voltage response when v,.ris small

As the result, it is observed that the asynchronous converter cannot output voltage less than about 5 V.
From the current response of the asynchronous converter, the discontinuous mode can be observed,
because the current direction of the inductor cannot be negative. On the other hand, the synchronous
rectifier converter can output small voltage because the current continuously flows bidirectionally.

Experiments

This section describes experimental setup and results. The experiments were conducted to confirm the
effectiveness of the DBVC for the full-wave rectified waveform generation. Moreover, a generation of
the sinusoidal output waveform is demonstrated by using both the DC-DC converter with the DBVC
and unfolding circuit as shown in Fig. 1.

Experimental setup

Figs. 7 and 8 show the experimental system and the photograph of the experimental setup, respectively.
The digital processing system PE-Expert4 produced by Myway Plus Corp. was used as a controller for
the DBVC. The main controller is a DSP. The inductor current was measured by using the current sensor
“LAX 100-NP” produced by LEM. The output voltage was measured using the isolation amplifier

EPE'18 ECCE Europe ISBN: 9789075815290 - IEEE catalog number: CFP18850-USB P.5
assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)



Full-wave Rectified Waveform Generation Using Dead-beat Voltage Control for DC- NAGAI Sakahisa
DC Buck Converters to Realize High Efficiency Inverter

“AD215BY” produced by Analog Devices. The experimental parameters are the same with the
simulation conditions listed in Table I. In the experiments, a synchronous rectified converter was used.
The dead time was set at 500 ns, which is 1 % of the switching period.
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Fig. 7: Experimental system
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Fig. 8: Photograph of experimental setup

Experimental results
Fig. 9 shows the experimental results of the full-wave rectified wave generation by the DBVC.
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Fig. 9: Experimental results of the full-wave rectified wave generation (2.0 ms/div)

The top, middle, and bottom lines show the output voltage response, inductor current, and switching
signal of S, respectively. The waveforms were measured by using the oscilloscope “Wavesurfer 3024”
produced by TELEDYNE LECROY. From the experimental results, it was confirmed that the output
voltage was adequately controlled to the full-wave rectified waveform. Fig. 10 shows the output voltage
response when the reference voltage v,.r was small. The waveform is very similar to the simulation result
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in Fig. 6. However, there is small distortion when the voltage reference turns to increase. In order to
generate the accurate voltage waveform, the distortion should be suppressed.

w TELEDYNE LECROY}
Evarywhoreyoulopiy

Fig. 10: Voltage response when v,.ris small (SOb us/div)

Suppression of distortion in output voltage
A small distortion of the output voltage was observed when the voltage reference switches from the
decrease to increase. From Fig. 8, the calculated duty at around 0.01 s is about 0.3. After the duty of 0.3,
the duty becomes 0.0 during a few samples because the output voltage is larger than the reference. In
short, the reason why the distortion occurred is that the calculated duty when the voltage reference
switched from decrease to increase is a little large.

In order to suppress the distortion, only the duty after the voltage reference turns to increase should be
decreased. Fig. 11 shows the comparison of the output voltage responses with change of the decrease
ratio when the voltage reference is small.
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Fig. 11: Comparison of output voltage responses with chailge of decrease ratio when v;.ris small
(5.0 V/div, 500 ps/div)

The decrease ratio means how much the duty after the voltage reference turns to increase is decreased.
Therefore, the result when the decrease ratio is 1.0 is the same response as shown in Fig. 10. As the
result, when the decrease ratio was set at 0.6, the distortion could be suppressed successfully. On the
other hand, the distortion was observed even when the decrease ratio was set as smaller at 0.4. Hence,
the distortion occurs when the decrease ratio is too large or too small.
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AC output by unfolding circuit

This subsection describes the experimental results of the AC output by the additional unfolding circuit.
The load resistor in Fig. 7 is replaced with the unfolding circuit and load resistor as shown in Fig. 12.
Two IGBT modules are used for the H-bridge configuration.

Gate drive circuits

Load resistor

Fig. 12: Unfolding circuit (Left: Circuit diagram, Right: Photograph)
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Load current (5.0 A/div)

DC-DC buck converter output voltage
(50 V/div)

i, (5.0 A/div)

Fig. 13:V Experimentai result‘ of ACK outpuf by unfoldingrcircuitr (2.0 ms/div)

The switch states of the IGBTs (Sp1, Su1) and (Sy2, Sw2) are changed at the instant when the reference
voltage v,.sbecomes zero. Fig. 13 shows the experimental result of the AC output by combining the DC-
DC converter generating the full-wave rectified waveform and the unfolding circuit. The decrease ratio
was set at 0.6. As the result, it was verified that the converter with the proposed DBVC could output a
clean AC voltage waveform.

Conclusions

This paper proposed full-wave rectified waveform generation using DBVC for DC-DC buck converters.
The reference of the full-wave rectified waveform has discontinuity. Therefore, the DBVC is effective
so that the output voltage quickly follows the reference voltage. Simulations and experiments were
conducted to confirm the followability of the DBVC. As the experimental results, it has been confirmed
that the output voltage quickly followed the full-wave rectified waveform reference. However, a small
distortion was observed when the voltage reference switched from the decrease to increase. As the result
applying the improved method, it has been confirmed that the distortion could be reduced by setting the
decrease ratio of the duty at 0.6. Finally, the clean AC voltage output has been achieved by combining
the DC-DC converter with the DBVC and unfolding circuit.
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